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7KLVZRUNSURSRVHVDPXOWLREMHFWLYHRSWLPL]DWLRQDSSURDFK WRPRGHODQGRSWLPL]H VPDOO VFDOH VWDQGLQJZDYH WKHUPRDFRXVWLF
UHIULJHUDWRU7$57KLVVWXG\DLPVWRRSWLPL]HWKHJHRPHWULFYDULDEOHVQDPHO\WKHVWDFNSRVLWLRQWKHVWDFNOHQJWKWKHEORFNDJH
UDWLRDQGWKHSODWHVSDFLQJLQYROYHGLQGHVLJQLQJWKHUPRDFRXVWLFUHIULJHUDWRUV8QOLNHPRVWSUHYLRXVVWXGLHVWKHVHYDULDEOHVDUH
FRQVLGHUHG LQWHUGHSHQGHQW6\VWHPSDUDPHWHUVDQGFRQVWUDLQWV WKDWFDSWXUH WKHXQGHUO\LQJ WKHUPRDFRXVWLFG\QDPLFVKDYHEHHQ
XVHG WR GHILQH WKHPRGHOV 7KH FRROLQJ ORDG WKH FRHIILFLHQW RI SHUIRUPDQFH DQG WKH DFRXVWLF SRZHU ORVV KDYH EHHQ XVHG WR
PHDVXUHWKHSHUIRUPDQFHRIWKHGHYLFH7KHRSWLPL]DWLRQWDVNLVIRUPXODWHGDVDWKUHHFULWHULRQQRQOLQHDUSURJUDPPLQJSUREOHP
ZLWKGLVFRQWLQXRXVGHULYDWLYHV'1/3$SUDFWLFDOH[DPSOHFRQVLGHULQJWKUHHGLIIHUHQWJDVHVLVJLYHQWRLOOXVWUDWHWKHDSSURDFK
7KLVDSSURDFKKDVEHHQLPSOHPHQWHGLQWKHVRIWZDUH*$06*HQHUDO$OJHEUDLFPRGHOOLQJ6\VWHPDQG3DUHWRRSWLPDOVROXWLRQV
GHVFULELQJWKHPRVWSUHIHUUHGJHRPHWU\IRUPD[LPXPSHUIRUPDQFHRIWKHGHYLFHDUHFRPSXWHGXVLQJWKHDXJPHQWHG H FRQVWUDLQW
PHWKRG
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6&6(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DQGWZRKHDWH[FKDQJHUVSODFHGDWHLWKHUVLGHRIWKHVWDFN7KHVWDFNIRUPVWKHKHDUWRI WKHUHIULJHUDWRUZKHUHWKH
KHDWSXPSLQJ SURFHVV WDNHV SODFH DQG LW LV WKXV DQ LPSRUWDQW HOHPHQW ZKLFK GHWHUPLQHV WKH SHUIRUPDQFH RI WKH
UHIULJHUDWRU
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)LJ6FKHPDWLFGLDJUDPRIDW\SLFDOWKHUPRDFRXVWLFUHIULJHUDWRU
8VLQJDVRXQGVRXUFHVXFKDVDORXGVSHDNHUDQDFRXVWLFZDYHLVJHQHUDWHGWRPDNHWKHJDVUHVRQDQW$VWKHJDV
RVFLOODWHV EDFN DQG IRUWKZLWKLQ WKH FKDPEHU WKH VWDQGLQJ VRXQGZDYH FUHDWHV D WHPSHUDWXUHGLIIHUHQFH DORQJ WKH
OHQJWKRIWKHVWDFN7KLVWHPSHUDWXUHFKDQJHLVDUHVXOWRIFRPSUHVVLRQDQGH[SDQVLRQRIJDVE\VRXQGSUHVVXUHDQG
WKHUPDOLQWHUDFWLRQEHWZHHQWKHRVFLOODWLQJJDVDQGWKHVXUIDFHRIWKHSODWH+HDWLVH[FKDQJHGZLWKWKHVXUURXQGLQJ
WKURXJK KHDW H[FKDQJHUV DW WKH FROG DQG KRW VLGH RI WKH VWDFN 7KH EDVLFPHFKDQLFV EHKLQG WKHUPRDFRXVWLFV DUH
DOUHDG\ ZHOO XQGHUVWRRG $ GHWDLOHG H[SODQDWLRQ RI WKH ZD\ WKHUPRDFRXVWLF FRROHUV ZRUN LV JLYHQ E\ 6ZLIW DQG
:KHDWO\ HW DO 5HFHQW UHVHDUFKHV IRFXVHV RQ LPSURYLQJ WKH SHUIRUPDQFH RI WKH GHYLFHV VR WKDW WKHUPRDFRXVWLF
FRROHUVFDQFRPSHWHZLWKFRPPHUFLDOUHIULJHUDWRUV
2SWLPL]DWLRQRIWKHUPRDFRXVWLFUHIULJHUDWRUV
,QPDWKHPDWLFDOVHQVHRSWLPL]DWLRQLVWKHVHOHFWLRQRIDEHVWHOHPHQWZLWKUHJDUGWRVRPHFULWHULDIURPVRPHVHW
RI DYDLODEOH DOWHUQDWLYHV ,W LQYROYHVPD[LPL]LQJRUPLQLPL]LQJ D IXQFWLRQRI RQHRUPRUHYDULDEOHV(QJLQHHULQJ
2SWLPL]DWLRQ LV WKH VXEMHFWZKLFK XVHVRSWLPL]DWLRQ WHFKQLTXHV WR DFKLHYH GHVLJQ JRDOV ,W FDQ EH GHILQHG DV WKH
SURFHVV RI ILQGLQJ WKH FRQGLWLRQV WKDW JLYH WKH PD[LPXP RU PLQLPXP YDOXH RI D IXQFWLRQ 7KH RSWLPL]DWLRQ
FULWHULRQFDQWKHUHIRUHEHIRUPXODWHGLQPDWKHPDWLFDOIRUPDVDIXQFWLRQREMHFWLYHIXQFWLRQ7KLVVWXG\GHDOVZLWK
WKHDSSOLFDWLRQRIPDWKHPDWLFDOSURJUDPPLQJWHFKQLTXHVVXLWDEOHIRUWKHVROXWLRQRIHQJLQHHULQJGHVLJQSUREOHPV
9DULRXV SDUDPHWHUV DIIHFWLQJ WKH SHUIRUPDQFH RI WKH 7$5V DUH ZHOO XQGHUVWRRG IURP SUHYLRXV VWXGLHV 6RPH
H[LVWLQJ HIIRUWV LQFOXGH0LQQHU HW DOZKR FRQVLGHU JHRPHWULF SDUDPHWHUV DQG IOXLGV SURSHUWLHV RI WKH V\VWHP WR
RSWLPL]HWKHFRHIILFLHQWRISHUIRUPDQFHRID7$5:KLOHWKH1HOGHU0HDGVLPSOH[PHWKRGLVFRQVLGHUHGWRVHDUFK
IRUD ORFDOO\RSWLPDO VROXWLRQ WKHPRGHO UHO\H[WHQVLYHO\XSRQ'(/7$(DEODFNER[VLPXODWLRQ WRROEDVHGRQ
OLQHDUDFRXVWLFWKHRU\GHYHORSHGE\6ZLIWHWDO=RRQWMHQVHWDOGHPRQVWUDWHWKHRSWLPL]DWLRQRILQHUWDQFHVHFWLRQV
RI WKHUPRDFRXVWLFGHYLFHV ,QGLYLGXDOSDUDPHWHUVDUHYDULHG WRGHWHUPLQHRSWLPDOGHVLJQXVLQJ'(/7$(8HGDHW
DO HYDOXDWHKRZYDU\LQJFHUWDLQHQJLQHSDUDPHWHUVDIIHFWVSUHVVXUHDPSOLWXGHV$QRWKHUZRUN WKDWPDNHVXVHRI
'(/7$( LV 7LMDQL HW DO ZKR DWWHPSW WR RSWLPL]H WKH VSDFLQJ RI WKH VWDFN $ V\VWHPDWLF GHVLJQ DSSURDFK WKDW
SURYLGHVIDVWHQJLQHHULQJHVWLPDWHVIRULQLWLDOGHVLJQFDOFXODWLRQVRI7$5VLVGLVFXVVHGE\+HUPDQDQG7UDYQLFHN
7KHUHVXOWVIRXQGVXJJHVWWKDWVHWVRISDUDPHWHUVOHDGLQJWRWZRVHHPLQJO\VLPLODURXWFRPHVPD[LPXPHIILFLHQF\
DQGPD[LPXPFRROLQJDUHQRWWKHVDPH:LWKWKHH[FHSWLRQRI0LQQHUHWDOVWXGLHV WKHSUHYLRXVZRUNVYDU\QR
PRUH WKDQDVLQJOHSDUDPHWHUKROGLQJDOORWKHUVFRQVWDQW7KHVROXWLRQDSSURDFKHV WKDW DUHXVHGJXDUDQWHHRQO\D
ORFDOO\RSWLPDOVROXWLRQZKLFKPD\SRWHQWLDOO\EHJUHDWO\LQIHULRUWRDJOREDOO\RSWLPDOVROXWLRQ,QDGGLWLRQPRUH
UHFHQWO\+DULKDUDQ1HWDORSWLPL]HWKHSDUDPHWHUVOLNHIUHTXHQF\VWDFNSRVLWLRQVWDFNOHQJWKDQGSODWHVSDFLQJ
LQYROYLQJLQGHVLJQLQJ7$5XVLQJWKH5HVSRQVH6XUIDFH0HWKRGRORJ\5607KHLUUHVXOWVVKRZWKDWJHRPHWULFDO
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YDULDEOHV FKRVHQ IRU WKHLU LQYHVWLJDWLRQ DUH LQWHUGHSHQGHQW 7KLV LV E\ QR PHDQV D FRPSOHWH OLVW RI WKH
µµRSWLPL]DWLRQ¶¶RIUHIULJHUDWRUVFRPSRQHQWVEXWLWLVDJRRGRYHUYLHZRIRSWLPL]DWLRQWDUJHWV
0RWLYDWLRQ
0RVW RI WKH SUHYLRXV RSWLPL]DWLRQ HIIRUWV UHO\ KHDYLO\ RQ VWXG\LQJ WKH HIIHFW RI D VLQJOH GHVLJQ SDUDPHWHU RQ
GHYLFHSHUIRUPDQFH ,QDOO OLNHOLKRRGHDFKRSWLPDOGHVLJQ LV D ORFDORSWLPXPDV WKH VROXWLRQREWDLQHG LVRSWLPDO
HLWKHUPD[LPDO RUPLQLPDOZLWKLQ D QHLJKERXULQJ VHW RI FDQGLGDWH VROXWLRQ 7KLV LV LQ FRQWUDVW ZLWK WKH JOREDO
RSWLPXP SURSRVHG LQ WKLV VWXG\ ZKLFK JLYHV JOREDO RSWLPDO VROXWLRQ DPRQJ DOO SRVVLEOH VROXWLRQV LQ D VSHFLILF
GRPDLQ QRW MXVW WKRVH LQ SDUWLFXODU QHLJKERXUKRRG RI YDULDEOHV:H GLVFXVV D QRYHOPDWKHPDWLFDO SURJUDPPLQJ
DSSURDFK WR KDQGOLQJ GHVLJQ DQG FKRLFH EHWZHHQPD[LPXP FRROLQJ DQGPD[LPXP FRHIILFLHQW RI SHUIRUPDQFH RI
WKHUPRDFRXVWLF UHIULJHUDWRUV 7$5V $GGLWLRQDOO\ ZH KDYH LGHQWLILHG WKH EORFNDJH UDWLR WKH VWDFN VSDFLQJ WKH
VWDFN OHQJWKDQG WKHSRVLWLRQRI WKHVWDFNDVGHVLJQSDUDPHWHUVDQG WDNH WKHLU LQWHUGHSHQGHQF\ LQWRDFFRXQWZKLOH
FRPSXWLQJWKHRSWLPDOVHWGHVFULELQJRSWLPDOSHUIRUPDQFHRI7$5VXQOLNHSUHYLRXVVWXGLHV
7KH UHPDLQGHU RI WKLV SDSHU LV RUJDQL]HG LQ WKH IROORZLQJ IDVKLRQ LQ VHFWLRQ  WKH PRGHO GHYHORSPHQW LV
SUHVHQWHG7KHIXQGDPHQWDOSDUDPHWHUVDQGHTXDWLRQVLQRXUPDWKHPDWLFDOPRGHOVFKDUDFWHUL]LQJWKHVWDQGLQJZDYH
WKHUPRDFRXVWLF UHIULJHUDWRUVDUHSUHVHQWHG6HFWLRQGHVFULEHV WKHSURSRVHGRSWLPL]DWLRQDSSURDFKXVLQJ*$06
6HFWLRQDQGUHSRUWWKHFRQWULEXWLRQVRIWKLVZRUN
0RGHOGHYHORSPHQW
7KHJHRPHWU\XVHGWRGHULYHDQGGLVFXVVWKHWKHUPRDFRXVWLFHTXDWLRQVLVVKRZQLQ)LJ7KHPRGHOGRHVQRW
FRQVLGHU DQ\ HIIHFW RI WKH VWDFN PDWHULDO DQG WKH LQWHUGHSHQGHQF\ EHWZHHQ WKH FRHIILFLHQW RI SHUIRUPDQFH RI
WKHUPRDFRXVWLFFRUHWKHHIIHFWLYHQHVVRIKHDWH[FKDQJHUVDQGWKHDFRXVWLFSRZHUHIILFLHQF\,QDGGLWLRQQRDWWHPSW
LV PDGH WR GHULYH 7$5 HTXDWLRQV DV GHWDLOHG GHULYDWLRQV RI WKH HTXDWLRQV DUH DYDLODEOH LQ ERWK0DKPXG DQG
7LMDQLWKHVLV
'HVLJQSDUDPHWHUVRIWKHWKHUPRDFRXVWLFFRUH
7KHEDVLFGHVLJQUHTXLUHPHQWVIRUWKHUPRDFRXVWLFUHIULJHUDWRUDUHWZRIROG
D7RVXSSO\WKHGHVLUHGFRROLQJORDGDQG
EWRDFKLHYHWKHSUHVFULEHGFRROLQJWHPSHUDWXUHDWWKHVDPHWLPH
7KH GHVLJQ UHTXLUHPHQWV QDPHO\²WKH GULYH UDWLR '5 DQG WKH QRUPDOL]HG WHPSHUDWXUH GLIIHUHQFH PQ7' DUH
UHVSHFWLYHO\DQG7KHFRHIILFLHQWRISHUIRUPDQFHRIDWKHUPRDFRXVWLFFRUH&23LVGHSHQGHQWRIQLQHWHHQ
LQGHSHQGHQWGHVLJQSDUDPHWHUV+HUPDQDQG7UDYQLFHNKDYHFROODSVHGWKHQXPEHURISDUDPHWHUVWRWKHIROORZLQJ
VL[ QRUPDOL]HG SDUDPHWHU VSDFHV 'ULYH UDWLR '5 QRUPDOL]HG WHPSHUDWXUH GLIIHUHQFH PQ7'  QRUPDOL]HG WKHUPDO
SHQHWUDWLRQGHSWK NQG QRUPDOL]HGVWDFNOHQJWK VQ/ QRUPDOL]HGVWDFNSRVLWLRQ VQ; DQGEORFNDJHUDWLR%5
2EMHFWLYHVIXQFWLRQV
7KHSHUIRUPDQFHRIWKHWKHUPRDFRXVWLFVWDFNGHSHQGVRQWKUHHPDLQVWDFNGHVLJQSDUDPHWHUVWKHFHQWUHSRVLWLRQ
WKH OHQJWK DQG WKH FURVVVHFWLRQ DUHD RI WKH VWDFN 7KH QRUPDOL]HG KHDW IORZ +) DQG DFRXVWLF SRZHU :) 
QHJOHFWLQJD[LDOFRQGXFWLRQLQWKHZRUNLQJIOXLGDVZHOODVLQWKHVWDFNSODWHVDUHJLYHQDVIROORZV
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7KHQRUPDOL]HGFRROLQJORDG &) DQGWKHFRHIILFLHQWRISHUIRUPDQFHRIWKHWKHUPRDFRXVWLFFRUH&23DUHREWDLQHG
UHVSHFWLYHO\DVIROORZV
:+& )) )           
:
:+&23
)
))
           
7KHFRROLQJORDG &) LVIXQFWLRQRIQRQGLPHQVLRQDOSDUDPHWHUV
 NQ6Q6QPQ6& %5;/7) GHJV )        
:KHUHV  J  6H DQG PQ7 UHSUHVHQW UHVSHFWLYHO\ WKH 3UDQGWO QXPEHU WKH SRO\WURSLF FRHIILFLHQW WKH VWDFN KHDW
FDSDFLW\FRUUHFWLRQIDFWRUDQGWKHQRUPDOL]HGWHPSHUDWXUHGLIIHUHQFH7KHLQIOXHQFHRIWKHZRUNLQJIOXLGRQWKHJDV
LVH[HUWHGWKURXJKWKHSDUDPHWHUVV  J DQG 6H 
,QWKHERXQGDU\OD\HUDSSUR[LPDWLRQWKHDFRXVWLFSRZHUORVVSHUXQLWDUHDRIWKHUHVRQDWRULVJLYHQDVIROORZV
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G:
:   
:KHUHWKHILUVWWHUPRQWKHULJKWKDQGVLGHLVWKHNLQHWLFHQHUJ\GLVVLSDWHGE\YLVFRXVVKHDU7KHVHFRQGWHUPLV
WKHHQHUJ\GLVVLSDWHGE\WKHUPDOUHOD[DWLRQ
7KHSURSRVHG003VROXWLRQDSSURDFKWRHPSKDVL]HDOOREMHFWLYHFRPSRQHQWV
0RVWRIWKHH[SUHVVLRQVLQYROYHGLQWKHIRUPXODWLRQRIWKHPXOWLREMHFWLYHPDWKHPDWLFDOSURJUDPPLQJSUREOHP
03)KDYHEHHQSUHVHQWHGLQWKHSUHYLRXVVHFWLRQ:HVLPXOWDQHRXVO\FRQVLGHUDOOWKUHHREMHFWLYHFRPSRQHQWVE\
UHJDUGLQJ FRROLQJ ORDG ; &) Ϳ͕ FRHIILFLHQW RI SHUIRUPDQFH  &23  DQG DFRXVWLF SRZHU ORVW 
R
:  DV WKUHHGLVWLQFW
REMHFWLYHFRPSRQHQWVWRRSWLPL]H$VLQJOHREMHFWLYHRSWLPL]DWLRQDQDO\VLVVKRZVWKDWWKHVHREMHFWLYHVIXQFWLRQVDUH
FRQIOLFWLQJDQGWKXVVXLWDEOHIRUDPXOWLREMHFWLYHRSWLPL]DWLRQDSSURDFKGHWDLOVDYDLODEOHLQ7DUWLEXHWDO7KH
RSWLPLVDWLRQWDVNLVIRUPXODWHGDVDWKUHHFULWHULRQQRQOLQHDUSURJUDPPLQJSUREOHPZLWKGLVFRQWLQXRXVGHULYDWLYHV
'1/3 WKDW VLPXOWDQHRXVO\ PD[LPLVH WKH PDJQLWXGH RI WKH FRROLQJ ORDG  &)  PD[LPLVH WKH FRHIILFLHQW RI
SHUIRUPDQFH&23DQGPLQLPLVHDFRXVWLFSRZHUORVW
R
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;&23PD[03)     
VXEMHFW WR ERXQG OLPLWV PD[&)  PLQ&)  &23& GHWDLOV DYDLODEOH LQ 7DUWLEX HW DO VWXGLHV DQG WKH IROORZLQJ
FRQVWUDLQW
:+& !)) )           
$QHJDWLYHFRROLQJORDGGRHVQRWKDYHDQ\SK\VLFDOPHDQLQJDQGWKXVWKHVROXWLRQVIRUZKLFK(TXDWLRQLVQRW
VDWLVIDFWRU\KDYHEHHQHOLPLQDWHG  NQ6Q6Q %5;/ G LQ(TXDWLRQGHQRWHVWKHSDUDPHWHUVRIWKHWKHUPRDFRXVWLF
UHIULJHUDWRU7KHUH LVQR VLQJOHRSWLPDO VROXWLRQ WKDW VLPXOWDQHRXVO\RSWLPL]HVDOO WKH WZRREMHFWLYHV IXQFWLRQV ,Q
WKHVHFDVHVWKHGHFLVLRQPDNHUVDUHORRNLQJIRUWKH³PRVWSUHIHUUHG´VROXWLRQ
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7KH OH[LFRJUDSKLFRSWLPLVDWLRQIRUHDFKREMHFWLYHIXQFWLRQ WRFRQVWUXFW WKHSD\RII WDEOH IRU WKHPXOWLREMHFWLYH
PDWKHPDWLFDOSURJUDPPLQJPRGHOV 03) LVSURSRVHGDQG LPSOHPHQWHG LQ WKH VRIWZDUH*$06 LQRUGHU WR\LHOG
RQO\ 3DUHWR RSWLPDO VROXWLRQV DYRLGLQJ WKH JHQHUDWLRQ RIZHDN QRQHIILFLHQW VROXWLRQV 7KH DGYDQWDJHV RI WKLV
DSSURDFK $XJPHQWHG İFRQVWUDLQWPHWKRG RU$8*0(1&21 RYHU WUDGLWLRQDOZHLJKWHGPHWKRG DQG RUGLQDU\ İ
FRQVWUDLQW PHWKRG FDQ EH IRXQG LQ 0DYURWDV $JKDHL HW DO DQG $KPDGL HW DO VWXGLHV $ IORZFKDUW RI
$8*0(1&21PHWKRGLVSUHVHQWHGLQ)LJ³S´UHSUHVHQWVWKHQXPEHURIREMHFWLYHVIXQFWLRQV³T´WKHQXPEHURI
LQWHUYDODQG³QL´WKHLQGH[RIREMHFWLYHIXQFWLRQ

)LJ)ORZFKDUWRI$8*0(1&21PHWKRGIRURSWLPL]DWLRQ
7KHFRGHLVDYDLODEOHLQWKH*$06OLEUDU\KWWSZZZJDPVFRPPRGOLEOLEKWPOHSVFPKWPZLWKDQH[DPSOH
:KLOHWKHSDUWRIWKHFRGHWKDWKDVWRGRZLWKWKHH[DPSOHWKHVSHFLILFREMHFWLYHIXQFWLRQVDQGFRQVWUDLQWVDVZHOO
DV WKH SDUDPHWHUV RI $8*0(1&21 KDYH EHHQ PRGLILHG LQ RXU FDVH WKH SDUW RI WKH FRGH WKDW SHUIRUPV WKH
FDOFXODWLRQ RI SD\RII WDEOH ZLWK OH[LFRJUDSKLF RSWLPLVDWLRQ DQG WKH SURGXFWLRQ RI WKH 3DUHWR RSWLPDO VROXWLRQV LV
IXOO\SDUDPHWHUL]HGLQRUGHUWREHUHDG\WRXVH
$Q LPSRUWDQW DVSHFW RI WKLV VWXG\ LV WKH IRUPXODWLRQ RI WKH SUREOHP 7KH VHOHFWLRQ RI WKH SULPDU\ REMHFWLYH
IXQFWLRQ PRVW LPSRUWDQW IXQFWLRQGHSHQGVRQ WKHGHFLVLRQPDNHU)UHTXHQWO\ WKLVGHFLVLRQ LVEDVHGRQSUREOHP
LQIRUPDWLRQDQGFDQOHDGWRSDUWLDOUHSUHVHQWDWLRQRI3DUHWRRSWLPDOVHWVGXHWRWKHWHQGHQF\RIWKHVROXWLRQWRFOXVWHU
WRZDUGWKHPD[LPXPRIWKHSULPDU\REMHFWLYHIXQFWLRQ:HKDYHWKHUHIRUHDUWLFXODWHGWKHSUHIHUHQFHVDQGVSHFLIL\
OLPLWV RQREMHFWLYH IXQFWLRQV UDWKHU WKDQ UHO\LQJRQ UHODWLYH LPSRUWDQFHRI REMHFWLYHV DV VXJJHVWHGE\0DUOHU WR
LGHQWLI\ WKH EHVW SUREOHP IRUPXODWLRQ *XLGDQFH RQ WKH EHVW SUREOHP IRUPXODWLRQ LV SURYLGHG LQ 7DUWLEX HW DO
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VWXGLHV6XEVHTXHQWO\WKHDXJPHQWHG H FRQVWUDLQWPHWKRGIRUVROYLQJWKHPRGHO(TXDWLRQKDVEHHQIRUPXODWHG
DVIROORZV
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VGLU:
NQ6Q6Q
H G 
LV 
ZKHUH LGLU LV WKH GLUHFWLRQ RI WKH LWK REMHFWLYH IXQFWLRQZKLFK LV HTXDO WR ZKHQ WKH LWK IXQFWLRQ VKRXOG EH
PLQLPLVHG DQG HTXDO WR  ZKHQ LW VKRXOG EH PD[LPLVHG (IILFLHQW VROXWLRQV WR WKH SUREOHP DUH REWDLQHG E\
SDUDPHWULFDO LWHUDWLYH YDULDWLRQV LQ WKH İL LV DUH WKH LQWURGXFHG VXUSOXV YDULDEOHV IRU WKH FRQVWUDLQWV RI WKH 03
SUREOHP LL UVU DUHXVHGLQWKHVHFRQGWHUPRIWKHREMHFWLYHIXQFWLRQLQRUGHUWRDYRLGDQ\VFDOLQJSUREOHP7KH
IROORZLQJFRQVWUDLQWVXSSHUDQGORZHUERXQGVKDYHEHHQHQIRUFHGRQYDULDEOHVLQRUGHUIRUWKHVROYHUWRVHDUFKIRU
WKHRSWLPDOVROXWLRQVLQWKRVHUDQJHV
GHSWKQSHQHWUDWLRWKHUPDOWKHQJUHSUHVHQWLZLWK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OR
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
(IILFLHQW VROXWLRQV IRU WKH SURSRVHG PRGHO KDYH EHHQ IRXQG XVLQJ WKH $8*0(1&21 PHWKRG DQG WKH
/,1'2*/2%$/VROYHU7RVDYHFRPSXWDWLRQDOWLPHWKHHDUO\H[LWIURPWKHORRSVDVSURSRVHGE\0DYURWDVKDV
EHHQ DSSOLHG 7KH UDQJH RI HDFK ILYH REMHFWLYH IXQFWLRQV LV GLYLGHG LQWR IRXU LQWHUYDOV ILYH JULG SRLQWV 7KH
QRUPDOLVHGVWDFNOHQJWK 6Q/ KDVEHHQDUELWUDULO\JLYHQVXFFHVVLYHYDOXHVRI
7KLVSURFHVVJHQHUDWHVRSWLPDOVROXWLRQVFRUUHVSRQGLQJWRHDFKYDOXHRI 6Q/ 7KHPD[LPXP&38WLPHWDNHQWR
FRPSOHWHWKHUHVXOWVLVVHF
5HVXOWVDQGGLVFXVVLRQ
7KH LQIOXHQFH RI WKHZRUNLQJ IOXLG UDQGRPO\ VHOHFWHG IURP7LMDQL VWXGLHV RQ WKH SHUIRUPDQFH RI7$5 KDV
EHHQLQYHVWLJDWHG(TXDWLRQVKRZVWKHQHJDWLYHHIIHFWRIYLVFRVLW\RQWKHSHUIRUPDQFHRI7$5$UHGXFWLRQRIWKH
HIIHFWRIYLVFRVLW\ZLOOUHVXOWLQDQLQFUHDVHLQHIILFLHQF\7KLVFDQEHGRQHE\GHFUHDVLQJWKH3UDQGWOQXPEHUı7KH
3UDQGWO QXPEHU LV DQ LPSRUWDQW SDUDPHWHU LQ WKHUPRDFRXVWLFV DV FDQ EH VHHQ IURP (TXDWLRQ  DQG (TXDWLRQ 
9DOXHV RI 3UDQGWO QXPEHU FDOFXODWHG E\7LMDQL IRU ELQDU\ JDVPL[WXUHV DUH SUHVHQWHG LQ7DEOH7KHVH 3UDQGWO
QXPEHU YDOXHV KDYH EHHQ LQFRUSRUDWHG LQ WKH PRGHOV WR SUHGLFW WKH SHUIRUPDQFH RI WKH 7$5 IRU GLIIHUHQW JDV
PL[WXUHV
7DEOH:RUNLQJIOXLGVVSHFLILFDWLRQV
:RUNLQJIOXLG  +H +H1H +H;H
3UDQGWOQXPEHU ı   
5DWLRFSFY Ȗ   

)LJDDQG)LJEUHSUHVHQWJUDSKLFDOO\WKHUHVXOWVREWDLQHGLQ7DEOHDQG7DEOH7KHVHUHVXOWVVKRZWKDWWKHUHLV
D GLVWLQFW RSWLPXPZKHQ FRQVLGHULQJ WKH GHVLJQ IRU PD[LPXP FRHIILFLHQW RI SHUIRUPDQFH &23 DQGPD[LPXP
FRROLQJORDG &) IRUGLIIHUHQWZRUNLQJIOXLGV7KHEHVWFRQILJXUDWLRQKDVEHHQKLJKOLJKWHGLQEROGDVJXLGDQFHIRU
DGHFLVLRQPDNHU7KHVHUHVXOWVVXJJHVW WKDW WKHKLJKHVW&23DQG &) ZLOOEHREWDLQHGZLWKDPL[WXUHRI+H;H
,QWHUHVWLQJO\ VLPLODU WUHQGV KDYH EHHQ REWDLQHG E\ :HW]HO DQG +HUPDQ DQG +HUPDQ DQG 7UDYQLFHN XVLQJ D
V\VWHPDWLFGHVLJQDSSURDFK2SWLPDOSDUDPHWHUVGHVFULELQJWKHJHRPHWU\RIWKHGHYLFH%5 NQG  6Q; DQG VQ/ DUH
DOVRUHSRUWHG7KHUHVXOWVGHPRQVWUDWHWKDWWKHKLJKHVW&23LVH[SHFWHGE\ORFDWLQJWKHVWDFNFHQWUHSRVLWLRQFORVHU
DV FRPSDUHG WR WKH FRROLQJ ORDG WR WKHSUHVVXUH DQWLQRGH FORVHG HQG DQGPDNLQJ WKH VWDFN OHQJWK VQ/ VKRUWHU
%DVHGRQ7DEOH7DEOHDQG)LJRQHZLOOVXVSHFWWKDWWKHQRUPDOL]HGVWDFNOHQJWK 6Q/ WKHQRUPDOL]HGVWDFN
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SRVLWLRQ 6Q; WKHEORFNDJHUDWLR%5DQGWKHQRUPDOL]HGWKHUPDOSHQHWUDWLRQGHSWK NQG DUHVRPHKRZUHODWHG,QGHHG
WKDWLVWKHFDVH

7DEOH1RQGRPLQDWHGVROXWLRQVREWDLQHGIRUPD[LPXP&23XVLQJ$8*0(1&21
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E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)LJD&23IXQFWLRQRIQRUPDOLVHGVWDFNOHQJWKDQGEĭ&IXQFWLRQRIQRUPDOLVHGVWDFNOHQJWK
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&RQFOXVLRQ
,Q WKLV SDSHU D PXOWLREMHFWLYH DSSURDFK WKDW SURYLGHV IDVW LQLWLDO HQJLQHHULQJ HVWLPDWHV WR LQLWLDO GHVLJQ
FDOFXODWLRQRIWKHUPRDFRXVWLFUHIULJHUDWRUVLVGLVFXVVHG7KHLUSHUIRUPDQFHVZHUHHYDOXDWHGXVLQJWKUHHFULWHULD
PD[LPXPFRROLQJEHVWFRHIILFLHQWRISHUIRUPDQFHDQG WKHDFRXVWLFSRZHU ORVV)RXUGLIIHUHQWSDUDPHWHUV 
VWDFN OHQJWKVWDFNFHQWUHSRVLWLRQVWDFN VSDFLQJDQGEORFNDJHUDWLR GHVFULELQJ WKHJHRPHWU\RI WKHGHYLFHKDYH
EHHQ VWXGLHG1RQOLQHDU SURJUDPPLQJPRGHOVZLWKGLVFRQWLQXRXVGHULYDWLYHV '1/3V KDYHEHHQ IRUPXODWHG DQG
LPSOHPHQWHG LQ *$06 )RU WKH FDVH RI PXOWLSOH REMHFWLYHV FRQVLGHUHG VLPXOWDQHRXVO\ ZH KDYH DSSOLHG DQ
LPSURYHG YHUVLRQ RI D PXOWLREMHFWLYH VROXWLRQ PHWKRG WKH İFRQVWUDLQW PHWKRG FDOOHG DXJPHQWHG İFRQVWUDLQW
PHWKRG $8*0(1&21:H KDYH DGRSWHG D OH[LFRJUDSKLFPHWKRG LQ RUGHU WR DYRLGGRPLQDWHG 3DUHWR RSWLPDO
VROXWLRQV)RUGLIIHUHQWDUELWUDU\YDOXHVRIVWDFNOHQJWKWKLVSURFHVVJHQHUDWHVRSWLPDOVROXWLRQVGHVFULELQJJHRPHWU\
RIWKH7$5VROXWLRQVZKLFKGHSHQGRQWKHDSULRULGHVLJQJRDOIRUPD[LPXPFRROLQJRUPD[LPXPFRHIILFLHQWRI
SHUIRUPDQFH 7KLV SUHVHQW VWXG\ UHYHDOV WKH VXLWDELOLW\ RI D PXOWLREMHFWLYH RSWLPL]DWLRQ DSSURDFK WR PRGHO DQG
RSWLPL]H D 7$5 XVLQJ WKH VRIWZDUH*$06 7KH UHVXOWV IRXQG VKRZV WKDW WKHUH LV D VSHFLILF VWDFN OHQJWKZKLFK
FRUUHVSRQGVWRDVSHFLILFVWDFNFHQWUHSRVLWLRQVSHFLILFVWDFNVSDFLQJDQGDVSHFLILFEORFNDJHUDWLRGHSHQGLQJRQWKH
GHVLJQJRDO
5HIHUHQFHV
-RVKL<.	*DULPHOOD697KHUPDOFKDOOHQJHVLQQH[WJHQHUDWLRQHOHFWURQLFV\VWHPV0LFURHOHFWURQLFV-RXUQDOYROQRSS

6ZLIW*:7KHUPRDFRXVWLFVDXQLI\LQJSHUVSHFWLYHIRUVRPHHQJLQHVDQGUHIULJHUDWRUV$FRXVWLFDOVRFLHW\RI$PHULFD0HOYLOOH1<
:KHDWOH\-&+RIOHU76ZLIW*:0LJOLRUL$8QGHUVWDQGLQJVRPHVLPSOHSKHQRPHQDLQWKHUPRDFRXVWLFVZLWKDSSOLFDWLRQVWRDFRXVWLFDO
KHDWHQJLQHV$PHULFDQ-RXUQDORI3K\VLFVYROSS±
5DR66(QJLQHHULQJ2SWLPL]DWLRQ7KHRU\DQG3UDFWLFHUG(GLWLRQ-RKQ:LOH\	6RQV
 0LQQHU % %UDXQ - DQG0RQJHDX / 7KHRUHWLFDO HYDOXDWLRQ RI WKH RSWLPDO SHUIRUPDQFH RI D WKHUPRDFRXVWLF UHIULJHUDWRU ,Q $6+5$(
7UDQVDFWLRQV6\PSRVLDYROSS
=RRQWMHQV/+RZDUG&4DQG=DQGHU$&0RGHOOLQJDQGRSWLPL]DWLRQRIDFRXVWLF LQHUWDQFHVHJPHQWVIRU WKHUPRDFRXVWLFGHYLFHV)LUVW
$XVWUDODVLDQ$FRXVWLFDO6RFLHWLHVµ&RQIHUHQFH$FRXVWLFV1RLVHRI3URJUHVV&OHDUZDWHU5HVRUW&KULVWFKXUFK1HZ=HDODQGSS
8HGD<%LZD70L]XWDQL8DQG<D]DNL7([SHULPHQWDOVWXGLHVRIDWKHUPRDFRXVWLFVWLUOLQJSULPHPRYHUDQGLWVDSSOLFDWLRQWRDFRROHU
-RXUQDORIWKH$FRXVWLFDO6RFLHW\RI$PHULFDYROQRSS
7LMDQL0(+=HHJHUV -&+'H:DHOH$7$07KHRSWLPDO VWDFNVSDFLQJ IRU WKHUPRDFRXVWLF UHIULJHUDWLRQ-RXUQDORI WKH$FRXVWLFDO
6RFLHW\RI$PHULFDYROQRSS
 +HUPDQ & DQG 7UDYQLFHN = &RRO VRXQG 7KH IXWXUH RI UHIULJHUDWLRQ" 7KHUPRG\QDPLF DQG KHDW WUDQVIHU LVVXHV LQ WKHUPRDFRXVWLF
UHIULJHUDWLRQ+HDWDQG0DVV7UDQVIHUYROQRSS
 +DULKDUDQ 1 0 6LYDVKDQPXJDP 3 2SWLPL]DWLRQ RI WKHUPRDFRXVWLF UHIULJHUDWRU XVLQJ UHVSRQVH VXUIDFH PHWKRGRORJ\ -RXUQDO RI
K\GURG\QDPLFVYROQRSS
0DKPXG60+'DQGSRURXVPHGLDWKHUPRDFRXVWLFVWDFNVRSWLPLVDWLRQ3K'WKHVLV'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ8QLYHUVLW\RI
:DWHUORR:DWHUORR21&DQDGD
7LMDQL0(+/RXGVSHDNHUGULYHQWKHUPRDFRXVWLFUHIULJHUDWLRQ3K'WKHVLV(LQGKRYHQ8QLYHUVLW\RI7HFKQRORJ\1HWKHUODQGV
:HW]HO0+HUPDQ&'HVLJQRSWLPL]DWLRQRIWKHUPRDFRXVWLFUHIULJHUDWRUV,QWHUQDWLRQDO-RXUQDORI5HIULJHUDWLRQYROQRSS

7LMDQL0(+=HHJHUV-&+	'H:DHOH$7$0'HVLJQRIWKHUPRDFRXVWLFUHIULJHUDWRUV&U\RJHQLFVYROQRSS
7DUWLEX/.6XQ%	.DXQGD0$(/H[LFRJUDSKLFPXOWLREMHFWLYHRSWLPLVDWLRQRIWKHUPRDFRXVWLFUHIULJHUDWRU¶VVWDFN-RXUQDORI+HDW
DQG0DVV7UDQVIHU'2,V]
 0DYURWDV * (IIHFWLYH LPSOHPHQWDWLRQ RI WKH İFRQVWUDLQW PHWKRG LQ PXOWLREMHFWLYH PDWKHPDWLFDO SURJUDPPLQJ SUREOHPV $SSOLHG
0DWKHPDWLFVDQG&RPSXWDWLRQYROSS
 $JKDHL - $PMDG\ 1 6KD\DQIDU + $ 0XOWLREMHFWLYH HOHFWULFLW\ PDUNHW FOHDULQJ FRQVLGHULQJ G\QDPLF VHFXULW\ E\ OH[LFRJUDSKLF
RSWLPL]DWLRQDQGDXJPHQWHGHSVLORQFRQVWUDLQWPHWKRG$SSOLHG6RIW&RPSXWLQJYROQRSS
 $KPDGL $ $JKDHL - 6KD\DQIDU +$ DQG 5DELHH $ 0L[HG LQWHJHU SURJUDPPLQJ RI PXOWLREMHFWLYH K\GURWKHUPDO VHOIVFKHGXOLQJ
$SSOLHG6RIW&RPSXWLQJYROSS±
0DUOHU7$6WXG\RI0XOWL2EMHFWLYH2SWLPL]DWLRQ0HWKRGVIRU(QJLQHHULQJ$SSOLFDWLRQV9'09HUODJ6DDUEUXFNHQ*HUPDQ\
